Recently, we purified from adult murine bone marrow (BM) a population of CXCR4
Introduction
It is well known that cord blood (CB)-derived cells contribute to skeletal muscle-, liver-, neural tissue-and myocardium-regeneration and recently, multiorgan engraftment and differentiation was achieved in goats after transplantation of human cord blood CD34 þ lin À cells. [1] [2] [3] [4] [5] In the past, the contribution of CB-derived cells to organ/tissue regeneration was explained as a result of the phenomenon of trans-dedifferentiation or plasticity of hematopoietic stem cells (HSC). 6, 7 However, several recent reports, have challenged the general concept that purified HSC are plastic and trans-dedifferentiate into other tissues. [8] [9] [10] [11] We postulated in the past that cells isolated from bone marrow (BM) as well as from CB may contain non-hematopoietic stem cells, and that these cells contributed to the organ/tissue regeneration in some of the reported positive trans-dedifferentiation/plasticity studies. 12 The concept that CB could contain pluripotent non-hematopoietic stem cells is supported by demonstrating the presence of the so-called unrestricted somatic stem cells (USSC) that were isolated from human CB by adherence to plastic. 13 However, both USSC as well as other CB-derived stem cells that contributed to regeneration of nonhematopoietic tissues were never characterized at the single-cell level. 13, 14 By employing chemotactic isolation to an SDF-1 gradient 12 or, as shown recently, by using multiparameter sorting, we identified in murine BM a population of CXCR4
þ Sca-1 þ
CD45
À lin À cells (0.01% of BMMNC) that is highly enriched at the mRNA and protein level for markers for embryonic pluripotent stem cells (PSC) (e.g., SSEA-1, Oct-4, Nanog, Rex-1). 15 A transmission electron microscopy (TEM) study confirmed that these cells (i) are extremely small (2-4 mm), (ii) contain large nuclei surrounded by a tiny rim of cytoplasm enriched in mitochondria and (iii) their nuclei contain unorganized/ embryonic type euchromatin. These cells in vitro differentiate into cells from all three germ cell layers. 15 Based on these morphological and functional criteria, we described these murine BM-derived cells as very small embryonic-like (VSEL) stem cells. 15 In support of the concept that embryonic stem cells are present in adult tissues, several other groups reported recently that adult tissues and organs may contain embryonic-like stem cells, which are probably deposited in peripheral tissues during ontogenesis. Accordingly, Oct-4 þ stem cells were identified recently in adult human hair follicles, 16 19 The potential relationship of these Oct-4 þ cells isolated from non-hematopoietic organs to our VSELs described in murine BM requires further investigation.
Based on these data, we hypothesized that human CB could also contain a similar population of embryonic-like stem cells. Accordingly, we report here that by employing a novel two-step isolation strategy (removal of erythrocytes by hypotonic lysis combined with multiparameter sorting), we succeed in isolating from human CB a population of cells that are similar to murine BM-derived VSELs. These CB-derived VSELs (CB-VSELs) are (i) very small (3-5 mm), (ii) highly enriched in a population of
À CB mononuclear cells, (iii) contain large nuclei containing unorganized euchromatin, (iv) express embryonic transcription factors Oct-4 and Nanog and (v) stain positively for SSEA-4.
Materials and methods

Staining and isolation of CB-derived VSELs
Whole human umbilical CB was lysed in BD lysing buffer (BD Biosciences, San Jose, CA, USA) for 15 min in room temperature and washed twice in phosphate-buffered saline (PBS). A singlecell suspension was stained for lineage markers (CD2 clone RPA-2.10, CD3 clone UCHT1, CD14 clone M5E2, CD66b clone G10F5, CD24 clone ML5, CD56 clone NCAM16.2, CD16 clone 3G8, CD19 clone HIB19, CD235a clone GA-R2) conjugated with fluorescein isothiocyanate (FITC), CD45 (clone HI30) conjugated with phycoerythrin (PE) and combination of CXCR4 (clone 12G5), CD34 (clone 581) or CD133 (CD133/1) conjugated with APC, for 30 min on ice. After washing, they were analyzed by fluorescence-activated cell sorting (FACS) (BD Biosciences, San Jose, CA, USA). At least 10 6 events were acquired and analyzed by using Cell Quest software.
À were sorted from a suspension of CB MNC by multiparameter, live sterile cell sorting (MoFlo, Dako A/S, Fort Collins, CO or BD FACSAria Cell-Sorting System, BD Biosciences, San Jose, CA, USA).
Transmission electron microscopy analysis
For transmission electron microscopy (TEM), the CXCR4 þ lin À CD45 À cells were fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4 for 10 h at 41C, post-fixed in osmium tetride and dehydrated. Fixed cells were subsequently embedded in LX112 and sectioned at 800 A, stained with uranyl acetate and lead citrate and viewed on a Philips CM10 electron microscope operating at 60 kV.
RT-PCR
Total RNA was isolated using RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA). mRNA (10 ng) was reverse-transcribed with One
Step RT-PCR (Qiagen Inc., Valencia, CA, USA) according to the instructions of the manufacturer. The resulting cDNA fragments were amplified using HotStarTaq DNA Polymerase (Qiagen Inc., Valencia, CA, USA). Primer sequences for Oct4 were forward primer: 
Real-time RT-PCR (RQ-PCR)
For analysis of Oct4, Nanog, Nkx2.5/Csx, VE-cadherin, and GFAP mRNA levels, total mRNA was isolated from cells with the RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA). mRNA was reverse-transcribed with TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City, CA, USA). Detection of Oct4, Nanog, Nkx2.5/Csx, VE-cadherin, GFAP and b2-microglobulin mRNA levels was performed by real-time RT-PCR using an ABI PRISM 7000 Sequence Detection System (ABI, Foster City, CA, USA). A 25 ml reaction mixture contains 12.5 ml SYBR Green PCR Master Mix, 10 ng of cDNA template, 5 0 -GAT GTG GTC CGA GTG TGG TTC T-3 0 forward and 5 0 -TGT GCA TAG TCG CTG CTT GAT-3 0 reverse primers for Oct4; 5 0 -GCA GAA GGC CTC AGC ACC TA-3 0 forward and 5 0 -AGG TTC CCA GTC GGG TTC A-3 0 reverse primers for Nanog; 5 0 -CCC CTG GAT TTT GCA TTC AC-3 0 forward and 5 0 -CGT GCG CAA GAA CAA ACG-3 0 reverse primers for Nkx2.5/Csx; 5 0 -CCG ACA GTT GTA GGC CCT GTT-3 0 forward and 5 0 -GGC ATC TTC GGG TTG ATC CT-3 0 reverse primers for VE-cadherin; 5 0 -GTG GGC AGG TGG GAG CTT GAT TCT-3 0 forward and 5 0 -CTG GGG CGG CCT GGT ATG ACA-3 0 reverse primers for GFAP; 5 0 -AAT GCG GCA TCT TCA AAC CT-3 0 forward and 5 0 -TGA CTT TGT CAC AGC CCA AGA TA-3 0 reverse primers for b2 microglobulin. Primers were designed with Primer Express software. The threshold cycle (C t ), that is, the cycle number at which the amount of amplified gene of interest reached a fixed threshold, was determined subsequently. Relative quantitation of Oct4, Nanog, Nkx2.5/Csx, VE-cadherin and GFAP mRNA expression was calculated with the comparative C t method. The relative quantization value of target, normalized to an endogenous control b2-microglobulin gene and relative to a calibrator, is expressed as 2 ÀDDCt (fold difference), where DC t ¼ C t of target genes (Oct4, Nanog, Nkx2.5/Csx, VE-cadherin, GFAP) -C t of endogenous control gene (b2-microglobulin), and DDC t ¼ DC t of samples for target gene-DC t of calibrator for the target gene.
To avoid the possibility of amplifying contaminating DNA: (i) all the primers for real-time RT-PCR were designed with an intron sequence inside cDNA to be amplified, (ii) reactions were performed with appropriate negative controls (template-free controls), (iii) a uniform amplification of the products was rechecked by analyzing the melting curves of the amplified products (dissociation graphs), (iv) the melting temperature (T m ) was 57-601C, the product T m was at least 101C higher than primer T m, and finally, (v) gel electrophoresis was performed to confirm the correct size of the amplification and the absence of unspecific bands.
Fluorescent staining of CB-derived VSELs
The expression of each antigen was examined in cells from four independent experiments. CXCR4 þ lin À CD45 À cells were fixed in 3.5% paraformaldehyde for 20 min, permeabilized by 0.1% Triton X-100, washed in PBS, pre-blocked with 2% bovine serum albumin (BSA) and subsequently stained with antibodies to SSEA-4 (clone MC-813-70, 1:100, mouse monoclonal IgG; Chemicon Int., Temecula, CA, USA), Oct-4 (clone 9E3, 1:100, mouse monoclonal IgG; Chemicon Int., Temecula, CA, USA) and Nanog (1:200, goat polyclonal IgG; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Appropriate secondary Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 594 goat anti-mouse IgG and Alexa Fluor 594 rabbit anti-goat were used (1:400; Molecular Probes, Eugene, OR, USA).
In control experiments cells were stained with secondary antibodies only. The nuclei were labeled with DAPI (Molecular Probes, Eugene, OR, USA). The fluorescence images were collected with the TE-FM Epi-Fluorescence system attached to a Nikon Inverted Microscope Eclipse TE300 and captured by a cool snap HQ digital B/W CCD camera (Roper Scientific, Tucson, AZ, USA).
Statistical analysis
Arithmetic means and standard deviations of our FACS data were calculated on a Macintosh computer PowerBase 180, using Instat 1.14. (GraphPad, San Diego, CA, USA) software. Data were analyzed using the Student's t-test for unpaired samples or analysis of variance (ANOVA) for multiple comparisons. Statistical significance was defined as Po0.05. 
Results
A population of CD34
þ CD133 þ CXCR4 þ lin À CD45 À cells
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In addition, we also tested them for potential expression of other human stem cell antigens such as CD133 and CD34. Figure 1 , panel (a) shows that human CB contains a population of lin À CD45 À MNC that express CXCR4 (0.037%7 0.02, n ¼ 9), CD34 (0.118%70.028, n ¼ 5) and CD133 (0.018%7 0.008, n ¼ 5). These CXCR4
À cells sorted by FACS, similarly as murine VSELs, did not grow hematopoietic colonies in vitro and similarly as murine counterparts are very small B3-5 mm (Figure 1, panel b, upper  row) . In contrast, CB-derived lin À CD45 þ hematopoietic cells are larger 46 mm (Figure 1, panel b, lower row) . Furthermore, we noticed a significant overlap in coexpression of CXCR4, CD34 and CD133 antigens among CB-derived small lin À CD45 À cells and found that 0.01570.005% of lin
À cells are highly enriched for mRNA for pluripotent embryonic transcription factors such as Oct-4 and Nanog (Figure 2 , panels a and b). Expression of these markers was subsequently confirmed by regular RT-PCR (Figure 2, panel c) . Furthermore, these cells similar to murine BM-derived VSELs are also enriched in mRNA for several developmental genes specific for different organs/tissues such as Nkx2.5/Csx, VE-cadherin and GFAP, which are markers for cardiac-, endothelial-and neural tissue-committed stem cells (TCSC), respectively ( Figure 3,  panel b) .
CB-derived CXCR4
þ lin À CD45 À cells express SSEA-4, Oct-4 and Nanog at the protein level
We reported that murine BM-derived VSELs express SSEA-1, Oct-4 and Nanog at the protein level. 15 Thus, in the current study we performed an immunofluorescence staining to evaluate if human CB-VSELs also express similar embryonic stem cell markers. Figure 3 shows an example of staining showing that highly purified CB-derived CXCR4 þ lin À CD45
À cells express on the surface SSEA-4 and in nuclei Oct-4 and Nanog transcription factors. 4) . Representative result from three independent sorts is shown.
After we demonstrated that human CB contains a population of
À cells and that these cells are highly enriched in pluripotent stem cells markers (SSEA-4, Oct-4 and Nanog), we analyzed these rare cells by employing TEM. Figure 4 shows that human CB-VSELs are very small B3-5 mm, contain relatively large nuclei and a narrow rim of cytoplasm with numerous mitochondria. Most importantly, DNA in the nuclei of these cells contains open-type euchromatin that is characteristic for pluripotent embryonic stem cells. Thus, we provide here for the first time morphological evidence for the presence of a novel distinct population of VSEL stem cells in human CB.
Discussion
Contribution of BM-or CB-derived cells to organ regeneration was explained by trans-dedifferentiation of HSC 2, [20] [21] [22] [23] or by the phenomenon of cell fusion. [24] [25] [26] [27] However, we demonstrated recently that murine BM contains a heterogeneous population of non-hematopoietic stem cells [28] [29] [30] and we have purified these cells in a fraction of BM-derived small (2-4 mm) Sca-1 þ lin À CD45 À cells. We described that these cells express by RQ-PCR and immunostaining several markers of pluripotent stem cells (PSC) and are able to differentiate in vitro cultures into mesoderm-derived cardiomyocytes and ectoderm-derived neural cells. 15 We called these cells VSEL stem cells and postulated that they are deposited early during development as a population of PSC that could contribute to organ/tissue regeneration. 15 In this paper, we evaluated if cells similar to previously described murine adult BM-derived VSELs 15 are also present in human CB.
The overall concept that embryonic cells could reside in adult organs/tissues was presented almost 150 years ago by Rudolf Virchow and Julius Connheim, who hypothesized that adult tissues may contain embryonic remnants that were 'lost' during developmental organogenesis and lie dormant. They also postulated that this population of dormant embryonic cells may give rise to some malignancies. 31 This concept was recently presented by some other investigators. 11, 32 Based on this and our own data, we hypothesized that embryonic stem cells could, in fact, reside as a rare and dormant cell population in adult tissues. 28, 33 In support of this, our group 15 and several others have recently demonstrated that adult tissues may contain embryonic-like stem cells. [16] [17] 19, 34, 35 Accordingly, stem cells that express Oct-4 protein -which is a marker of pluripotent ES cells -were recently identified in adult human hair follicles, 16 lung epithelium, 17 heart tissue and adult testes. 19 Furthermore, the presence of several populations of cells endowed with embryonic pluripotentiality was also postulated by several investigators in adult BM and CB. These cells were described in BM as multipotent adult progenitor cells (MAPC) 36 or marrow-isolated adult multilineage inducible (MIAMI) cells 37 and in CB as unrestricted somatic stem cells (USSC). 13 However, they were never isolated and characterized at the single-cell level. Thus, the relationship of Oct-4 þ cells residing in adult tissues as well as MAPC, 36 ,38 MIAMI 37 and USSC 13 with population of VSELs in murine BM, described by us in the past 15 and demonstrated here, human CB-VSELs requires further studies. Cord blood-derived VSEL M Kucia et al
In conclusion, we have shown for the first time that cells with a very similar morphology and markers to murine BM-derived VSELs are also present in human CB. These CB-derived VSELs, similarly to their counterparts identified in adult murine BM are very small (3-5 mm), possess large nuclei that contain embryonic-type unorganized euchromatin. They also express on their surface SSEA-4 and intra-nuclear two embryonic transcription factors -Oct-4 and Nanog. These cells are also enriched for mRNA for several genes regulating tissue specification.
Thus, the identification of VSELs in human CB may somehow help to explain one of the most controversial issues of modern biology, which is plasticity of HSC. Accordingly, we hypothesize that the presence of VSELs in CB, and not 'transdedifferentiation' of HSC, could explain some of the positive results with tissue/organ regeneration after infusion of CB cells. [2] [3] [4] We also postulate that a similar population of embryonic-like stem cells, which we described in CB, should also be present in neonatal BM and perhaps other tissues. These neonatal VSELs are probably mobilized from the BM and other tissues into peripheral blood as a result of stress related to delivery. However, further studies are needed in humans, to evaluate if, similarly as in mice these cells persist/reside in adult organs and tissues. Finally, in order to fully support that CBderived VSELs are pluripotent, similarly as their murine BMderived counterparts, 15 we are currently testing the ability of these cells to differentiate in vitro into cells from all three germ layers.
